Abstract Gypsum-based mortars were widely used during the Mudejar artistic period in Spain from the 12th to 16th century. During restoration works, compatibility between the new repair mortars and the original components is essential for an adequate intervention on the monument. The increasing interest of knowing the properties of the gypsum-lime-based mortars for restoration purposes justifies the research carried out. Different mortars compatible with traditional building materials were elaborated by varying the binder proportions, the type of aggregates, the binder/aggregate ratios and the curing time. The main goal of this paper is to characterize the mechanical behaviour and the pore structure of the mortars as a function of curing time. The influence between the different variables used to prepare the mortars and the development of the carbonation process over time is also considered. Mechanical strength and porosity measurements as well as X-ray diffraction and thermal analysis were performed after curing times of 1, 28 and 90 days. The results obtained confirmed a progressive increase in mechanical strength linked to the carbonation of the mortars prepared. Less lime binder and also aggregate contents showed the highest rise in strength over time, related to the highest initial porosity which favoured the carbon dioxide flow. The use of siliceous aggregates (GL-QS mortars) obtained the best results in the development of physicomechanical properties over curing time. The knowledge obtained from the studied mortars provides practical information to establish a suitable mortar mixture for restoration works on historic buildings and modern architecture where gypsum-lime-based mortars are used.
Introduction and objectives
Gypsum-based mortars were very frequently used during the Mudejar artistic period in Spain from the 12th to 16th century. The Mudejar style is a symbiosis of techniques and ways of understanding architecture resulting from Muslim and Christian cultures living side by side on the Iberian Peninsula. The region of Aragon is one of the most important centres of Mudejar architecture in the country, and has been a recognised part of World Heritage since 2001. It is characterised by the use of brick masonry with mortar-filled joints as the main building materials. With regards to the mortars, gypsum based mixtures were widely used not only for joints in exterior walls, but also for rendering and the plaster decoration of historical buildings (Igea 2011) .
Nowadays, these building materials are continuously exposed to different causes of deterioration making it necessary to establish a restoration program. During the last century, gypsum-based mortars from ancient masonries were replaced with other incompatible materials (such as Portland-cement mortars), which caused even further damage to these masonry structures. The practise of using mortars based on the Portland cement also had a very negative effect on learning about the traditional techniques involved in the production of different calcium sulphatebased materials (Cotrim et al. 2008; Schlütter et al. 2010) .
It is a known fact that both old and new materials must display similar characteristics. According to different authors (Cazalla 2002; Degryse et al. 2002; MaravelakiKalaitzakia et al. 2005; Moropoulou et al. 2005; RossiDoria 1986; Van Hees 1999) , compatibility between the new repair mortar for restoration purposes and the original components must be based on the reproducibility of its main characteristics, such as mineralogical and chemical composition, physical and mechanical properties and durability.
The importance of characterising the ancient and new repair gypsum-lime-based materials has been highlighted recently in many European countries (Franzoni et al. 2010; Freire et al. 2010; Middendorf 2002; Wende et al. 2010) . The advantages of this kind of mortars over gypsum mortars are: favourable setting behaviour, improvement of workability, greater adherence, higher initial and final compressive strength and the increase of durability over time (Genestar and Pons 2003; Luxán et al. 2000; Middendorf 2002) .
Previously, research on these materials in Spanish Monuments was very scarce (Genestar and Pons 2003; Luxán et al. 1995 Luxán et al. , 2000 . Therefore, for the last 5 years in the region of Aragon an extended research program has been under way, which is dedicated to the characterization of building materials from the most emblematic Mudejar churches under restoration. The results obtained have made it possible to confirm that calcium sulphate-based mortars containing low proportions of lime were the most common materials used in the brick masonries of this Mudejar Heritage (Igea et al. 2010 (Igea et al. , 2012 . The obtained results of physico-mechanical properties were consistent with the good state of conservation of these ancient mortars.
As a consequence of increasing interest and recommendations to use gypsum-based mortars for restoration, new gypsum-lime repair mortars compatible with traditional building materials were elaborated in this research. Restoration mortars were evaluated following results of the chemical composition of binders and aggregates from the previous study of historic mortars. The scarcity of references in the literature on this subject and also the lack of knowledge regarding gypsum-lime quality have encouraged the research on these materials. Different mortars were prepared according to the composition variability of the ancient materials themselves which had been previously analysed. This meant varying the binder proportions (gypsum/lime), the type of aggregates (siliceous or alabaster gypsum), the binder/aggregate ratios and different curing periods.
The aim of this paper was to relate the physicomechanical behaviour of the different gypsum-lime mortars as a function of curing time. Mechanical strength and porosity measurements, X-ray diffraction and thermal analysis were performed after curing periods of 1, 28 and 90 days. The influence of the carbonation process in the improvement of physico-mechanical behaviour over time has been evaluated. The effect of different mixes (binder ratios, type of aggregate and binder/aggregate ratios) in the mortar performance is also discussed.
The knowledge obtained from the studied mortars provides practical information to establish a suitable mortar mixture for restoration works on historic buildings.
Experimental programme

Materials
Compatible gypsum-lime mortars for restoration were prepared using different commercial raw materials. A preliminary analysis of the binders and aggregates was made to determine their characteristics.
Binder
The mortars were made up with calcium sulphate hemihydrate (Csh). This was supplied by Esyedebro (Zaragoza, Spain). Air lime (Ca(OH 2 )) was chosen for the test to avoid any deterioration caused by the possible formation of soluble salts (such as thaumasite and ettringite) when using gypsum-lime mixed mortars with a high content of hydraulic components (Blanco-Varela et al. 2003; Tesch and Middendorf 2006) and also based on the compatibility of the materials with old Mudejar mortars. It is a lime powder of class CL90-S according to European standard (UNE-EN 459-1 2001) supplied by Calcinor (Gipuzkoa, Spain) . Figure 1 shows X-ray diffractograms of both binders, and Table 1 gives semi-quantitative results based on the reference intensity ratios of the detected crystalline mineralogical phases. The XRD patterns indicated bassanite as the main mineralogical phase in the calcium sulphate hemihydrate binder and very low proportions of calcite, anhydrite and quartz were detected. Portlandite is the main component in the lime binder and scarce proportions of calcite were also identified. Other compounds, such as quartz, anhydrite, dolomite, lime and periclase could be present in this binder, but in very small amounts ( Fig. 1 ; Table 1 ), because they were not detected by thermal analysis. DTA-TG results agree with the mineralogical data. Both binders displayed [75 % in bassanite and portlandite, respectively and low proportions of calcite (\10 %) were also presented in the thermal analysis of the binders.
Aggregates
Quartzitic sand and alabaster gypsum aggregates were selected as both had been detected in ancient mortars. The mineralogical characterizations and particle size distributions are given in Table 1 and Fig. 2 , respectively.
Angle-shape siliceous aggregates (99 %, SiO 2 ), were provided by Eduardo Torroja Institute. Alabaster gypsum aggregates were supplied by Arastone (Zaragoza, Spain), have a rounded-shape and grain size distribution with high proportions of gravel ([2 mm), as shown in Fig. 2 . Both aggregates displayed phyllosilicates (illite-muscovite) as an impurity (Table 1) .
Admixture
To improve the workability of the mixtures, a retardant was used. According with other authors (Tesch and Middendorf 2006) tartaric acid (0.1 % by weight of binder) was added in the blending process of the binders.
Mortar preparation and storage conditions Different restoration mortars were prepared manually according to European standard (UNE-EN 13279-2 2004) and following the patterns of ancient gypsum-lime mortars previously characterized (Igea et al. 2010 (Igea et al. , 2012 .
In the first step, three types of binder mixtures (calcium sulphate hemihydrate/air lime) were proposed: 1:1; 1:0.4 and 1:0.2 by weight, establishing two kinds of mortars according to the aggregate used: gypsum-lime with quartzitic sand aggregates (GL-QS) and gypsum-lime with alabaster gypsum aggregates (GL-AG) ( Table 2 ).
In the second step, three different binder/aggregate ratios were prepared: 1/1; 1/2 and 1/3 by weight, with a total of nine different mixtures made up for each type of aggregate (Table 3) .
Both binders (Csh and air lime) were thoroughly mixed for 15 min. Admixture (solid tartaric acid, 0.1 % in weight) was then added to the mixing process for 1 h.
The mortar pastes were obtained using the amount of water required to achieve normal consistency and a good workability measured by the flow table according to Table 3 displays the results of the consistency together with the amount of water added and the water/binder ratio in all the mortar mixtures prepared. Binder was manually mixed together with the water for 1 min. Aggregate was then added and mixed for 1 min at low speed (UNE-EN 13279-2 2004) using an IBER-TEST.IB32-040 C2000 automatic mixer. The mortars were cast in prismatic 40 9 40 9 160 mm casts. They were then slightly pressed to free any air bubbles and released from the mold after 24 h. Three prismatic specimens of each of the nine mortar mixtures prepared were obtained with a total of 54 samples (Table 3) .
Curing was carried out under two different environmental conditions until the test day. A forced carbonation chamber was used to subject samples to a CO 2 -saturated atmosphere at a temperature of 20 ± 5°C and a relative humidity of 65 % to accelerate the carbonation process which is very slow under natural conditions (Cultrone et al. 2005) .
During the first 18 days of curing, GL-QS mortars were exposed inside a forced carbonation chamber with a constant CO 2 flow for 5-7 h and were then stored in a climatic chamber (RH 95 % and 20 ± 5°C) for the rest of the day, following the curing specifications applied to lime and -EN 196-1 2005) . During the last curing period (10 or 72 days), the prismatic moulds were also exposed inside the carbonation chamber for 5-7 h, but were then kept in ambient laboratory conditions (RH 65 % and 20 ± 5°C) for the rest of the day. GL-AG mortars were kept in the forced carbonation chamber for 5-7 h and were then stored in environment laboratory conditions (RH 65 % and 20 ± 5°C) for the rest of the day, during the whole curing period.
Tests and analyses were performed after curing times of 1, 28 and 90 days on the 54 samples with a total of 162 specimens.
Analytical methodology
Carbonation test by means of mineralogical and thermal analysis
Carbonation analysis was focused on the process of portlandite transforming into calcite (Eq. 1) developed in the mortars over the curing period (1, 28 and 90 days), following the methodology described in the bibliography on lime mortars for restoration (Cazalla 2002; Lanas and Alvarez 2003; Moropoulou et al. 2005 ). Carbonation of mortars was determined by means of mineralogical and chemical characterization through XRD and DTA-TG analysis.
Note that each sample was studied as a whole (matrix and aggregate) through the different analytical techniques. They were previously milled in an agate mortar down to \63 lm particle size, mixing fragments from the core and from the edges of each specimen, to avoid differences related to carbonation depth.
X-ray diffraction (XRD)
The mineralogical characterization was carried out with X-ray diffraction (XRD) using a powder crystalline method in bulk samples. Powder samples were analyzed with a Philips XPert MPD Pro diffractometer using a graphite monocromator and automatic slit, with Cu Ka radiation (k = 1.5406 Å ), working 40 kV and 30 mA in an X-ray tube, with a 0.02 (2h) step size, 0.5 s of count time per step and 15°/min of exploration velocity.
Differential thermal and thermogravimetric analysis (DTA-TG) Thermal methods allowed us to make quantitative determinations of the different components in the total sample. DTA-TG analysis was recorded in a nitrogen atmosphere with a TA SDT Q600 mixed-analyser. The heating was programmed with an initial temperature rise from ambient to 250°C, at a rate of 4°C/min; a second rise was applied at 10°C/min until the end of the experiment.
Mechanical resistance
Compressive and flexural strength were measured according to European standard (UNE-EN 13279-2 2004). Three specimens of each mortar mixture were tested to ensure the validity of the results after curing times of 1, 28 and 90 days. Samples were previously dried at 40°C reaching constant weight.
The flexural test was performed on the mortar specimens using a Netzsch tester. Compression strength test was measured on the two fragments of each resulting specimen from the previous flexural test with IBERTEST-AUTO-TEST 200/10 equipment.
Pore structure
The open porosity and pore size distribution were determined by Mercury Intrusion Porosimetry (MIP) using a Micromeritics Autopore IV 9500 porosimeter which automatically registers pressure, median pore diameter, intrusion volume, pore surface area and pore size access between 0.007 and 439 lm. To reach a resolution, irregular fragments from samples with 10 9 10 9 10 mm dimensions were taken to characterize the evolution of the mortar porosity and its relation to other properties during the curing time (1, 28 and 90 days).
Results
Assessment of the carbonation process
The degree of mortar carbonation over the curing time was assessed by means of XRD and DTA-TG analysis, comparing results from 1, 28 and 90 days.
According to the XRD results, all mortar mixtures display a reduction of the portlandite peaks and consequently the increase in those of calcite during the curing period. As an example, Fig. 3 shows the XRD patterns of two mortar mixtures versus curing time. In both samples, the almost disappearance of portlandite peaks due to the carbonation of the mortars occurs after 90 days.
Thermal analysis (DTA-TG) shows that both groups of mortars display similar thermal behaviour with curves which show at least three endothermic effects (Fig. 4) . In the range 100-750°C, the weight losses attributed to the dehydration of calcium sulphate dihydrate (gypsum, CaSO 4 Á2H 2 O (100-150°C)) must be emphasized together with the dehydroxilation of calcium hydroxide (portlandite, Ca(OH) 2 ) (380-460°C)), whereas the weight loss in the range of 600-750°C is due to the decarbonation of calcium carbonate (calcite, CaCO 3 ).
The percentage results of both, portlandite and calcite, determined by TG in all mixtures corresponding to GL-QS mortars, as an example, are summarized in Table 4 . The percentages of gypsum are also shown and the ratio CaCO 3 (%)/Ca(OH) 2 (%) obtained by TG and XRD results on different test days for all the mixtures prepared. This ratio allows for comparisons between the different curing times (Lanas et al. 2004) . From these results, it can be seen that the variations in percentage terms of these compounds are generally based on the binder/aggregate ratios and the curing time. These data agree with the results obtained by means of XRD analyses (Table 4) .
It is well known that mortar carbonation is a complex and heterogeneous process and its total carbonation can take many years (Lanas and Alvarez 2003; Lanas et al. 2004; Ventolà et al. 2011) . In this experiment, using a forced carbonation chamber meant accelerating the carbonation of the mortars during the curing time.
Changes between the mortar mixtures as a function of the lime binder proportions were established by means of both XRD and DTA-TG techniques. Other factors controlling the mortar carbonation process have been also determined:
-In GL-QS mortars, low lime binder amounts (1:0.2) increase the carbonation of the mixtures at early ages (from 1 to 28 days). At medium-term curing time (from 28 days) the relative proportion of portlandite decreases and this fact is closely related to the slow down of the carbonation process and calcite amounts only increase slightly up to 90 days (Table 4 ).
In mixtures with high lime binder amounts (1:0.4; 1:1), the portlandite reduction and consequently the degree of (Table 4) . After 28 days, the reaction change of the portlandite into calcite increases progressively in both mixtures, whereas at long-term curing time (90 days) the amounts of portlandite are almost consumed in several 1:0.4 mixtures (Table 4 ). Figure 5 shows calcite evolution as well as gypsum/calcite ratio for GL-QS mortars. It can be observed that the gypsum/calcite ratio decreases in all the mixtures prepared over the curing time. In general, the carbonation increases when the aggregate amount decreases and obviously the calcite amounts (%) are higher in the mortars with more lime binder amounts.
-In GL-AG mortars, the rate of the carbonation process is slower than the GL-QS mortars at early ages (from 1 to 28 days). In general, carbonation is developed in a continuous form. The reaction of the portlandite into calcite increases progressively in the mortars up to 90 days, mainly in the specimens with high lime binder amounts (1:1).
Taking into consideration, the early portlandite amounts, the 1:1/1 mixtures of both mortars show the greatest percentage of calcite (14-18.5 %, at 90 days curing time) of specimens tested (Table 4) . It can be seen that after the curing period, the carbonation process has not been completed as low amounts of portlandite have been identified in all the mortar mixtures at 90 days. Figure 6 shows the measured compressive and flexural strength of the samples versus curing time (1, 28 and 90 days).
Mechanical behaviour
The results obtained confirm an increase in mechanical resistance of all the mortar mixtures after the tested curing time. Samples with lower lime binder and aggregate amounts show the most significant results in both mortars (Fig. 6) .
In the GL-QS mortars, the results of compressive strength at long-term curing time increase by a factor of 9 above those of the samples tested at early ages. As an example, it can be observed in the 1:1/3 mixture (Fig. 6 ). The 1:0.2/1 sample shows the highest compressive resistance exceeding 12 MPa, after 90 days of curing.
When concerning the evolution of resistance versus curing time, all the mortars analysed reach 65 % of their maximum strength value at 28 days and close to 90 % after 90 days of curing. In several specimens with 1:0.4 and 1:0.2 binder ratios, similar resistance at both 28 days and 90 days can be observed. In contrast, it can be emphasized that only the mixtures with the lowest aggregate proportions (1:1/1, 1:0.4/1, 1:0.2/1) show a high rise in strength after up to 28 days of curing (Fig. 6) .
The compressive values shown by GL-AG mortars are always lower than the results obtained in GL-QS mortars (Fig. 6 ). Note how samples tested at 1 day display a very low resistance, down to 1 MPa in the majority of mixtures. At long term, these values increase by a factor of 6 although 65 % of their maximum compressive strength is reached in the first 28 days of curing time.
Flexural strength indicates a similar trend to that of the compressive values in both mortars. GL-QS mortars again display a much higher resistance than that obtained for GL-AG mixtures. The majority of the samples show values down to 2 MPa at 28 days, improving on the results at long-term curing time (90 days) (Fig. 6 ). With the aim of establishing the mechanical requirements of the specimens to be used in restoration works, Fig. 7 shows a comparison between the gypsum-lime mortars prepared and the lower strength values for building mortars according to European standard (UNE-EN 998-2 2003) . The majority of the GL-QS samples are M5 at 28 days, except 1:1 binder ratio specimens corresponding to M2.5. At this curing time, GL-AG mortars are mainly M1. Only mixtures with low aggregate proportions (1:1/1, 1:0.2/2, 1:0.2/1) are M 2.5 and specimen 1:0.4/1 corresponds to M5. 
Porosity
The results of open porosity of both mortars versus curing time (1, 28 and 90 days) obtained by means of MIP are given in Table 5 .
From these results, it can be seen that the porosity values show significant differences between the prepared mixtures of each type of mortars. When comparing the samples with the same binder amounts at early ages (from 1 to 28 days), it can be observed that porosity increases due to the small amounts of aggregate. In general, at long-term curing time (90 days), the porosity values are very similar to the results obtained at 28 days and the porosity ranges from 25 to 36 % for all the mortar mixtures prepared (Table 5) . These values are compatible with the results obtained in other gypsum-based historic and restoration mortars (Middendorf 2002; Tesch and Middendorf 2006) .
In the GL-QS mortars only the mixtures with lower aggregate amounts and different lime proportions (1:1/1, 1:0.4/1, 1:0.2/1), show a reduction in porosity values from 28 days of curing time. Note that specimen 1:1/1 decreases by 60 % of its maximum porosity value over the curing period (Table 5) .
No significant changes were identified in the porosity values comparing the mixtures analysed at the different curing times (1, 28, 90 days) in GL-AG mortars. As mentioned, in GL-QS mortars, only specimen 1:1/1 shows a significant reduction in porosity over the curing period (Table 5) . Figure 8 shows the pore size distribution in specimens of each type of mortar after 90 days of curing. From these results, it can be confirmed that both mortars exhibit similar pore size distribution. The pores range between 1 and 10 lm diameter, in all the mixtures. However, GL-AG mortars display a higher content in capillary pores (\5 lm) than the GL-QS mortars. It can be concluded that aggregate composition has a great influence on pore size distribution and, therefore, the increase in small pores (\5 lm) can be attributed to the alabaster gypsum aggregates. However, no significant changes can be determined in the pore size distribution of the samples analysed over the curing time.
Discussion
The development of the physico-mechanical properties in the different mixtures of each mortar prepared over curing time will be discussed. For this purpose, both the influence of the mortar carbonation process and the binder/aggregate ratios have been considered. The analytical results have contributed to interpret and explain the differences among physico-mechanical properties of the studied samples.
Influence of the mortar carbonation process
The hardening of gypsum lime mortars is a physicochemical process which begins when the mixture is prepared and can take many years to complete. Gypsum setting and lime carbonation must be differentiated in these mortars. Three main steps can be distinguished in the setting of gypsum: hydration (with the addition of water and aggregate to the hemihydrate to form a paste), crystallization (in this way, an interlocking crystal structure corresponding to calcium sulphate dihydrate is developed) and the final hardening which enables it to improve its physicomechanical properties (Genestar and Pons 2003; Vegas et al. 2010) .
Among the principal factors that influence gypsum setting are the amount of kneading water, the particle size distribution and the environmental conditions (depending on temperature, relative humidity and time after the gypsum dehydration process). To avoid fast setting and to optimise the workability of the calcium sulphate hemihydrate, different compounds, mainly organic retardant substances must be added (Sanz 2009 ).
The carbonation process has been widely discussed in lime mortars (Arandigoyen and Alvarez 2006; Lanas and Alvarez 2003; Sánchez-Moral et al. 2004; Ventolà et al. 2011) . At early ages, excess water in the mortar is lost and the carbonation process begins. During carbonation, the transformation takes place of calcium hydroxide (portlandite, Ca(OH) 2 ) into calcium carbonate (calcite, CaCO 3 ) in the presence of carbon dioxide. The calcium carbonate formed increases the physico-mechanical properties of the mortars due to microstructural changes.
According to different authors (Van Balen and Gemert 1994; Van Balen 2004) , the carbonation process comprises a carbon dioxide diffusion process followed by a chemical reaction in which calcium carbonate crystals are formed. The following equations show the carbonation process divided into two phases: Dissolution of carbon dioxide in water to form carbonic acid (Eq. 2)
Reaction of lime with the resulting carbonic acid (Eq. 3):
It is assumed that carbonation occurs at the mortar surface, progressing slowly into the material, thereby reducing the porosity at long-term curing times (Cazalla 2002; Moorehead 1986 ). The carbonation reaction is difficult to predict since it is affected by many factors, the most important being the carbon dioxide concentration, the water/binder ratio, the environmental conditions (relative humidity and temperature), the pore structure of the mortar, the curing time and the composition and particle size distribution of the lime and aggregates used (Cazalla et al. 2000; Sánchez-Moral et al. 2004) .
For the gypsum-lime mortars the reaction is as follows (Eqs. 4, 5):
The results of the present work indicate that mixtures with smaller lime binder content (1:0.2) show the highest carbonation at early ages. This fact agrees with the same behaviour observed in compressive and flexural strengths (Fig. 6 ). It must be taken into consideration that only a slight carbonation has been made at this time and therefore the gypsum setting partially causes the initial strength thus establishing a typical denser microstructure of the mortar (Middendorf 2002) . In contrast, an increase in the lime binder in the mortars (1:1) delays the gypsum setting and reduces its early strength (Alejandre 2002) .
Up to 28 days of curing time, the carbonation rate decreases progressively in the mortars with lower lime binder amounts (1:0.2). It can be observed that these specimens show no significant strength increments in this latter period. In the mortars with higher lime binder contents (1:1) the degree of the carbonation increases meaning an improvement in the mechanical strength up to 90 days curing time.
When comparing both mortars prepared, the calcite formation is higher for mortars with siliceous aggregate and high gypsum/lime ratio (1:1). For the lower gypsum/ lime ratios (1:0.4 and 1:0.2) carbonation is similar with both aggregates.
However, different specimens (1:1/1, 1:0.4/1, 1:0.2/1) display an increase in strength from 28 days of curing time, as mentioned in Sect. 3.2. From these results, it can be concluded that in the mixtures with equivalent lime binder proportions, smaller aggregate amounts improve the strength over time as a result of greater calcite formation (Table 4) . In this sense, during the carbonation process, the calcite growth enhances the cohesion at binder-aggregate interface thereby improving the mechanical strength (Cazalla 2002; Lanas et al. 2004) . Taking to consideration the porosity at 28 days of curing time (Table 5) , these specimens also display the highest porosity values. An open structure in the mixtures allows a better flow of carbon dioxide and therefore a faster and more complete carbonation (Moorehead 1986; Sánchez-Moral et al. 2004) .
According to different authors (Cazalla 2002; Moorehead 1986; Sánchez-Moral et al. 2004) , in air lime mortars, the reduction in porosity when curing time increases is due to the development of the carbonation process. This behaviour has been clearly identified in the mixtures with the smaller amounts of aggregate as with GL-QS mortars and mainly in the 1:1/1 specimen of both mortars analysed (Table 5 ). As mentioned, these samples have obtained the best results in both the carbonation process and the development of mechanical strength.
Other reasons to explain the different physico-mechanical behaviour must been taken into consideration. In this sense, the storage conditions of the GL-QS mortars [specimens were partially stored in a climatic chamber with high relative humidity (95 %)] could prove unfavourable with the mechanical resistance as well as the development of the carbonation process in the mixtures. On the one hand, the high humidity makes difficult both the carbon dioxide diffusion and the water loss of the mortars (Gárate 1993; Martínez-Ramírez 1995) . On the other hand, it is well known (Tesch and Middendorf 2006 ) that the strength of gypsum-based materials decreases when the moisture content increases.
Influence of the binder/aggregate ratio
In all the mortars tested, differences in the mechanical behaviour as a function of the binder/aggregate ratios can be established.
GL-QS mortars with less lime binder content show the highest compressive and flexural strength after the curing time irrespective of the aggregate amount. The increment of the lime binder in the samples reduces its strength. From these results, it can be concluded that the samples with binder ratios 1:1 and 1:0.4 show similar strength and always smaller as compared to 1:02 mixtures.
Regarding the aggregate, specimens with less aggregate amounts show the highest mechanical resistance. This behaviour agrees with other works on gypsum-based mortars (Arredondo 1961; Luxán et al. 2000; Wende et al. 2010) and with references about lime based mortars (Lanas and Alvarez 2003; Lanas et al. 2004) , which state that an increase in aggregate in the mix causes an exponential reduction of the mechanical properties of the mortars. In this sense, an increment in the percentage of binder fraction makes it possible to establish a denser microstructure in the mortar nucleus, meaning higher strength.
By comparing the results obtained among the different curing times in GL-AG mortars, it can be noted that, contrary to GL-QS mortars, small lime binder amounts are not necessarily related to a rise in mechanical strength. However, the aggregate trend is very similar in both mortars; low aggregate amounts cause strength to increase after the curing time.
In addition, the parallel porosity increases due to small amounts of aggregate in both mortars. A higher early porosity allows the transformation of portlandite into calcite in these samples, reducing the porosity values at longterm curing time and causes the strength to increase.
GL-QS versus GL-AG mortars
From the results of the specimens analysed, the influence of the aggregate characteristics in the mortars prepared has been discussed. As seen from the strength values, GL-QS mortars show higher resistance values than those obtained in GL-AG mortars in all the specimens tested (Fig. 6) . When comparing both mortars at 28 days, these values can be increased by a factor of 6. Three main reasons can explain the higher mechanical resistance displayed by GL-QS mortars:
• The nature of the aggregate has a great influence on the mechanical behaviour of the specimens: The use of siliceous aggregates (GL-QS mortars) improves the strength. It has been concluded that alabaster gypsum aggregates (GL-AG mortars) display different characteristics which cause a reduction in strength. In this sense, the grain size distribution and the shape of aggregate grains are significant. These aggregates have a grain size distribution with high proportions of gravel ([2 mm). Furthermore, the shape of the aggregates is mainly characterized by rounded grains making the binder-aggregate adherence and compacting difficult. Siliceous aggregate improves mechanical strength due to better compacting of its higher angular shapes.
• The water/binder ratio: In all the mixtures, GL-AG mortars needed more water than the GL-QS mortars to achieve a good workability during their preparation (Table 3) . It is well known that the increase in the water/binder ratio causes a reduction in mechanical resistance in mortars. It can also be seen (Table 3 ) that higher lime binder and aggregate amounts are closely related to an increase in the water/binder ratio and also to a reduction in the strength of the mortars.
• With respect to the development of the carbonation process in the specimens tested: The results obtained by means of XRD and DTA-TG analysis have confirmed the highest compressive and flexural strength of GL-QS mortars due to a faster and more complete carbonation at long-term curing time. Mortars prepared with alabaster gypsum aggregates needed more kneading water making the development of the carbonation process difficult.
Regarding porosity results, no significant differences have been observed among the mixtures prepared. Both mortars show a suitable value ranged *30 % after the curing time (Table 5) , which are compatible with ancient gypsum mortars previously analysed. GL-AG mortars generally have high capillary pore (\5 lm) percentages. This feature could develop into a higher capillary suction of water in these mortars and therefore could influence an increase in deterioration after its application to masonry, in restoration works.
Conclusions
The most significant results of this investigation are summarized as follows:
(1) Carbonation process: the results obtained confirm the reduction of the portlandite percentages and the increment of those of calcite over the curing times in both mortars prepared. Differences in the development of the carbonation process in each mortar as a function of the binder/aggregate ratios have been clearly established using XRD and DTA-TG techniques. (2) At early ages, GL-QS mortars with the lowest lime binder amounts (1:0.2), have a significantly accelerated carbonation process. Up to 28 days, the carbonation process shows only slight increments, in contrast, the carbonation degree is slow at early ages in mixtures with higher lime binder amounts (1:0.4 and 1:1 mixtures) and increases progressively in both mortars, at long-term curing time. (3) The mechanical behaviour corroborates the results of the carbonation process. In all the specimens, less quantity of lime binder and also particular aggregate contents (1:1/1; 1:0.4/1 and 1:0.2/1 samples) show the highest compressive and flexural strength increase over curing times. A high initial porosity encourages the circulation of carbon dioxide flow obtaining optimum performance of those mortars with more calcite formation and improving the strength. (4) Gypsum-lime-based mortars are suitable for restoration purposes according to European standards and are compatible with the traditional building materials of Mudejar architectonic Heritage. Finally, after testing 162 samples, GL-QS mortars obtained the best results in the development of physico-mechanical properties over the curing times. The inclusion of angle-shape siliceous aggregates with a suitable grain size distribution made it possible to develop greater mortar strength and high carbonation. This is an important factor that must been taken into consideration to avoid mortar decay after applying it to masonry.
